Abstract Two-thirds of the tested subesophageal ganglion cells of Japanese snail, Euhadra peliomphala, was hyperpolarized when they were perfused by high K-Ringer. This hyperpolarization was accompanied with a marked decrease in membrane resistance and was independent of cell types classified by ACh-induced response. Pentobarbital was found to convert high K-induced hyperpolarization into depolarization, or to augment K-depolarization. The high K-induced hyperpolarization was considered as the result of summated IPSP's elicited by the presynaptic inhibitory fibers which were primarily depolarized by high K. Pentobarbital may remove this synaptic inhibition and disclose the original K-depolarization underlying the cell. In Cl-free media, high K caused a marked depolarization instead of hyperpolarization, or augmented the depolarization observed in normal Ringer. This suggested that the subsynaptic membrane became permeable to Cl ions during the inhibitory presynaptic activity when high K was applied. ACh was found not to be responsible for this synaptic inhibition, because dtubocurarine, which is known to block the Cl-dependent ACh response of the snail neurons, did not affect the high K-induced hyperpolarization. The possibility of indirect action of high K on the membrane potential through synaptically mediated inhibition was discussed as a cause of its hyperpolarizing effect.
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Instead, these cells show a rather marked hyperpolarization in high K media irrespective of cell type (D or H) classified by their responses to acetylcholine (ACh) SATO et al., 1965 SATO et al., , 1967 SATO et al., , 1968 . Similar effects of high K have been found in Onchidium ganglion cells (OOMURA et al., 1965 (OOMURA et al., , 1974 SAWADA, 1969) . Many subesophageal ganglion cells of the Japanese snail, Euhadra peliomphala, are also hyperpolarized with external high K concentration. The present paper is to describe this high K-induced hyperpolarization in regard to AChinduced response, and to show that it is probably caused by synaptic inhibition. A preliminary report of this work has been presented elsewhere (YAI, 1975) .
METHODS
The subesophageal ganglia mass of Japanese snail, Euhadra peliomphala, was dissected out and placed between two fixing plates in a perfusing chamber with the dorsal side up. Under a binocular microscope a part of the thick connective tissues was removed from the dorsal surface of the ganglia mass, then a thin membrane covering each ganglion was carefully opened to expose the ganglion cells. A single microelectrode, which was filled with 2 M potassium citrate and with the resistance between 2 to 20 MCI, was inserted into a cell for recording and for applying the current through a bridge circuit. A constant inward current of 500 msec square pulse (I) was fed through the bridge at a frequency of 0.2 Hz and the membrane resistance (R) was continuously recorded as the potential drop (IR) across the membrane. Membrane potentials were recorded with a pen recorder (Watanabe Linear Corder WTR 281) via a preamplifier (Nihon Kohden MZ-4). A cathode ray oscilloscope (Nihon Kohden VC-8) was also used for the observation of intracellular spike potentials.
The cells were perfused with snail Ringer's solution which had the following formula in millimoles per liter : NaCl, 80; KCl, 4; CaCl2, 7; MgCl2, 5; Tris HCl, 5; at pH 8 (KERKUT and GARDNER, 1967) . The effective perfusing volume of the chamber was 0.1 ml, and the rate of perfusion was controlled in a range of 1 to 2 ml/min. Isotonic K Ringer was made by replacing NaCl with equimolar KCl, and high K Ringer was made by mixing isotonic K Ringer with normal Ringer for a desired level of K ions. Potassium-free Ringer was made by simply omitting KCl in normal Ringer. Sodium-free Ringer was made by replacing NaCl with equimolar Tris HCl. Chloride-free Ringer was made by replacing NaCl, KCl, and CaCl2 with each equimolar propionate salt, MgCl2 with equimolar MgSO4, and Tris HCl with NaHCO3. Acetylcholine chloride, pentobarbital sodium, d-tubocurarine chloride and atropine sulfate were directly dissolved in Ringer's solution, and their effects were tested by perfusion.
All experiments were performed at room temperature between 17 and 25°C.
The effect of the external K concentration on the membrane potential The mean resting potential of 123 ganglion cells from 65 snails was 41.5+7.1 (S.D.) mV (range 59 to 28 mV). The membrane potential was either depolarized or hyperpolarized when the external K concentration was changed. Figure 1 shows the depolarizing responses of a cell to external high K. The neuron was Fig. 1 . Changes in the membrane potential and resistance caused by an alteration of the extracellular K concentration. ACh-induced hyperpolarization of this cell was Cldependent.
The periodical downward pulses were applied every 5 sec for measurement of the membrane resistance. 0 bars indicate the extracellular potential level. K concentrations are shown on the left of each trace. Concentration of ACh at 10-5 g/ml corresponds to 55 /LM. slightly hyperpolarized when the external K was reduced to zero. The membrane potential of this cell was immediately depolarized when higher K was applied and brought to nearly zero level in isotonic K Ringer.
The high K-induced depolarization was always accompanied with a marked decrease in membrane resistance. Fig. 3 . The experiment similar to that shown in Fig. 1 , but ACh-induced depolarization of this cell was Na-dependent.
the other hand, the membrane resistance continuously decreased until it reached the minimum value around 84 mM K. Many of the snail ganglion cells are hyperpolarized (H-type) or depolarized (D-type) by ACh application. In Euhadra peliomphala, it has been found that all of the hyperpolarizing and a part of the depolarizing responses are chloridedependent, while the rest of the depolarizing responses is sodium-dependent (YAI, 1977) . Since ACh induces depolarization (D-response) through increasing the membrane permeability toward Cl or Na ions, classification into Na-and Cl-dependent responses is preferable to D-and H-responses for this preparation. The neuron illustrated in Fig. 1 was depolarized by high K but hyperpolarized by ACh, i.e., the ACh-induced response of this cell was Cl-dependent. Some other cells that were also depolarized by high K, however, showed Na-dependent depolarization in response to ACh. This was also true of cells which were hyperpolarized by high K. The responses to high K of the neurons illustrated in Figs. 3 and 4A were hyperpolarization, while the responses to ACh were Na-dependent depolarization. Accordingly, it is concluded that whether a neuron is depolarized or hyperpolarized by external high K is independent of the response type to ACh.
Since the high K Ringer contained low Na, Na-free effect was tested on these . Additionally, the effect of Na-free Ringer on resting membrane properties was examined. A : ACh-induced response of this cell was Na-dependent depolarization. B: ACh-induced response of this cell was Cl-dependent hyperpolarization. Note both cells were hyperpolarized by high K.
neurons. The membrane resistance somewhat increased whereas the membrane potential was little affected by Na-free perfusion (see Figs. 3 and 4A) . This fact proved that low Na effect is not the cause for the observed hyperpolarizing response to high K. In Table 1 the response to high K application was summarized in regard to the types of ACh-induced response. The neurons hyperpolarized by high K were twice as many as those depolarized, irrespective of ACh-induced response type. Although neurons insensitive to ACh have not been thoroughly examined, most of them were hyperpolarized by high K application as far as the available data were concerned. It seems again that there is no direct relationship between the high K-induced and the ACh-induced responses of a given cell. Effect of pentobarbital on the high K-induced response In Aplysia ganglion cells, it is known that pentobarbital in dilute concentrations blocks ACh-induced responses of both D-and H-types, and that somewhat higher concentration of it increases the resting membrane permeability toward K ions in addition to the blocking effect described above (SATO et al., 1967) . Hyperpolarization induced by high K turns to depolarization after the treatment with H. YAI pentobarbital in these cells. They considered that pentobarbital blocked the inhibitory activities of the subsynaptic membrane during the high K Ringer perfusion, thus revealing the essential K-depolarization. In this experiment, pentobarbital was applied on the ganglion cells to check whether it would have the similar effect on these cells. Figure 5 shows the effect of pentobarbital in relatively high concentrations on the responses to ACh and high K. ACh changed the membrane potential only a little despite it greatly reduced the membrane resistances of these neurons. This type of responses was found to be Cl-dependent. Right after and/or during the application of pentobarbital, the resistance decrease caused by ACh was markedly depressed although the voltage response to ACh was not greatly altered. On the other hand, high Kinduced depolarization was remarkably enhanced with pentobarbital though the resistance decrease was less affected. The enhanced K depolarization gradually returned to the original level as pentobarbital was washed away. The response to ACh recovered much more rapidly than that to high K.
Effects of pentobarbital on the K-dependence of the membrane potential and resistance are shown in Fig. 6 . Before application of pentobarbital, the cell shown in A was hyperpolarized while the cell shown in B was depolarized by high K. It must be noted that pentobarbital not only converts the K-induced hyperpolarization into depolarization (Fig. 6A ), but also augments the K-induced depolarization (Fig. 6B) . It is likewise noticed that pentobarbital itself hyperpolarizes the resting membrane in normal Ringer (see at NR). Another important observation is that the K-induced decrease in resistance was significantly suppressed after the application of pentobarbital.
Effect of Cl free on the high K-induced response If high K depolarizes the inhibitory presynaptic neurons and their increased activities secondarily hyperpolarizes the cell under observation, the postsynaptic membrane of this cell would become permeable toward Cl ion; a possibility of the increase in K-permeability as a cause for the observed hyperpolarization can be excluded because it would readily depolarize the cell in high K media. When all the Cl ions in normal Ringer were replaced by propionate ions, high K caused a marked depolarization instead of hyperpolarization or slight depolarization observed in normal Ringer (see Fig. 7) . Thus, the hyperpolarization of the Effect of anticholinergic drugs on the high K-induced response d-Tubocurarine. d-Tubocurarine selectively blocks the Cl-dependent response to ACh of this snail neurons (YAI, 1973 (YAI, , 1977 . d-Tubocurarine was compared with pentobarbital in their effects on the high K-induced responses. As shown in Fig. 8, d -tubocurarine hardly affected the high K-induced hyperpolarization while 28, No. 3, 1978 the neurons tested was hyperpolarized by high K. This is probably due to the synaptically mediated inhibition, which complicates the effect of varied K concentration. Activity of inhibitory presynaptic neurons would increase with the external high K, thus producing a summation of IPSP's which would tend to suppress the K depolarization of the postsynaptic neuron (OoMURA et al., 1965 (OoMURA et al., , 1974 SATO et al., 1965 SATO et al., , 1968 SAWADA, 1969) . This was confirmed by the effect of pentobarbital on high K-induced hyperpolarization. All the cells were depolarized by high K without exception during and right after the application of pentobarbital which is known to block various types of synaptic transmissions (SHARPLESS, 1970) . The neurons originally depolarized by high K but less sensitive to the change in K concentration became to obey the Nernst equation at higher K range, after the treatment with pentobarbital. The neurons originally hyperpolarized by high K were also depolarized but not always as much as predicted from the Nernst equation, even after the pentobarbital application.
In the neurons of Aplysia, it has been shown that depolarization due to high K was completely suppressed during ACh-induced hyperpolarization (SATO et al., 1968) . In this way, the hyperpolarization synaptically elicited by some inhibitory transmitters may readily prevent the postsynaptic membrane from the high Kinduced depolarization. If pentobarbital blocks this synaptic inhibition and also increases K permeability of the soma membrane, the postsynaptic membrane would disclose the essential K depolarization.
Synaptic inhibition caused by K depolarization of presynaptic neurons. Some inhibitory transmitters released from the presynaptic terminals by high K seem to increase the permeability of postsynaptic membrane to CI ions, since this inhibitory effect was reversed in Cl-free solution. The question then arises; what kind of transmitters are liberated? The first candidate may be ACh which activates the inhibitory receptor. However, this is not the case, because d-tubocurarine blocks the Cl-dependent ACh response of the snail neurons but no effect on high K-induced hyperpolarization.
There are a few neurons whose ACh-induced responses are Na-dependent depolarization and yet whose high K-induced responses are Cl-dependent hyperpolarization. Although it appears well established that many molluscan single neurons have more than two kinds of ACh receptors (SATO et al., 1968; WACHTEL and KANDEL, 1971 ; BLANKENSHIP et al., 1971; LEVITAN and TAUC, 1972; KEHOE, 1972a, b ; YAI, 1977) , it is still unlikely that a single neuron has ACh excitatory receptors on the soma membrane and inhibitory ones exclusively on the synaptic region located on the axon (TAUC, 1962; GERSCHENFELD, 1963) . Furthermore, if these different kinds of ACh receptors were on the soma and the synaptic membranes separately, it is hard to explain a fact that the application of ACh always depolarizes and never hyperpolarizes the cell. A possible explanation would be that the ACh applied in the perfusing solution would not reach the actual subsynaptic site. According to ASCHER (1972) , the K concentration in the vicinity of the subsynaptic region is relatively independent of that in the perfusing solution. In the snail neurons, however, this possibility may be ruled out, because pentobarbital in the perfusate seems to reach there and block the synaptic transmission.
In addition to ACh, several chemicals have been found to have inhibitory actions on molluscan neurons WALKER, 1961, 1962) and postulated as the natural transmitters. These include glutamate (OOMURA et al., 1974) , 5-hydroxytryptamine (5-HT) (GERSCHENFELD, 1971) , dopamine (GERSCHENFELD, 1964; GERSCHENFELD and CHIARANDINI, 1965; WALKER et al., 1968 WALKER et al., , 1971 ) and gamma-aminobutyric acid (GABA) (Sato, M., personal communication) , and most of them are demonstrated to exist in the molluscan central nervous system COTTRELL, 1962, 1963 ; KERKUT et al., 1966) . However, only a few of the above compounds are shown to increase the membrane permeability to Cl ions, and the rest of them are found to cause an increase in permeability to K ions. For example, hyperpolarization induced by dopamine is due to an increase in K permeability but not Cl permeability (KERKUT et al., 1969 ; ASCHER, 1972) , and glutamate increases permeability toward both K and Cl ions in Helix aspersa (KERKUT et al., 1969) but only K ions in Onchidium neurons (OoMURA et al., 1974) . GERSCHENFELD and PAUPARDIN-TRITSCH (1974) have demonstrated in the molluscan ganglion cells, three inhibitory types of responses to the iontophoretic application of 5-HT, two of them, B-and C-type responses, being produced by the increase in membrane conductance to K and Cl ions, respectively. It has been suggested that GABA increases Cl-conductance at presynaptic excitatory terminal of the crayfish neuromuscular junction (TAKEUCHI and TAKEUCHI, 1966) , though the ionic mechanism involved in the molluscan receptors has not been fully studied yet. So far, 5-HT and GABA are left as the possible transmitters that could mediate the synaptic inhibition elicited by high K.
It still remains to be determined whether external high K-induced hyperpolarization is due to synaptically mediated IPSP's or to direct action of K on subsynaptic membrane. Observation of reversal potential of this hyperpolarization and of effects of Ca and Mg ions on the response will supply some of necessary evidence for the synaptic inhibition. At present, conversion into depolarization by pentobarbital, and by Cl-free solution, suggest that high K exerts hyperpolarizing action on the cell membrane through synaptic IPSP's; these results on snail coincide with that on Aplysia by using pentobarbital (S ATO et al., 1967) , and also with that on Onchidium by substituting acetate Ringer for Cl Ringer (OoMURA et al., 1974) . Furthermore, since high K is expected to depolarize the membrane potential according to the Nernst equation, it is unlikely that the hyperpolarizing response is a result of its direct action on subsynaptic membrane. Thus, it may be concluded that the hyperpolarizing effect of external high K, at least some part of it, is induced by synaptically mediated inhibition.
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